Switchable surface structures based on hydrogels are an emerging field in material science, microfluidics, soft robotics and anti-fouling. Here, we describe a novel method that uses a photo-cross-linkable terpolymer to create a hydrogel coating with a switchable surface structure. The terpolymer is based on poly(N-isopropylacrylamide) (PNIPAm) and it is shown that simple coating technologies like slit die coating can be used under ambient conditions. It is also shown that the swelling ratio of the coating is controlled by the energy dose of ultraviolet (UV) light. Simple and complex surface structures were created using respectively single or multiple UV illumination steps through masks and it is shown that the hydrogel coatings can be reversibly switched from a structured state to a flat state with temperature.
Introduction
Shape changing surfaces have been of considerable interest in a variety of different fields and for various purposes (e.g., optical manipulation, 1 environmental sensing 2, 3 and friction control 4 ).
Stimuli responsive hydrogels are one class of materials that can be used to create these shape-changing surfaces. These stimuli responsive hydrogels can switch between a swollen and collapsed state in response to environmental changes that include for example, humidity, 5, 6 pH, 7,8 temperature [8] [9] [10] or light. [11] [12] [13] [14] Hydrogels operate in an aqueous environment and therefore they have potential applications in microfluidic devices 8, 15, 16 or for cell cultivation surfaces. [17] [18] [19] [20] [21] Hydrogels with static microstructured surfaces are of interest in cell behaviour studies during cultivation. 20, 22 However cells constantly interact and changes it surroundings, like topography. For a better understanding of the cell behaviour to these changes in topography, dynamic hydrogel surfaces have also been investigated. 21 Surfaces that are able to switch their topographies are not only of interest in cell behaviour studies, but also in protein absorption studies, 23 tunable wettability, 24 microfluidic applications 15, 16, 25 and photonic sensors. 26 A well-known stimuli responsive polymer is poly(N-isopropylacrylamide) (PNIPAm). PNIPAm is a temperature responsive polymer that undergoes a phase transition at roughly 32 1C, also known as the lower critical solution temperature (LCST). 27 This phase transition has been attributed to hydrogen-bonding tendency of water molecules. 28 It is thought that the water molecules form ordered structures around the side chains. As the temperature is increased the hydrogen bonding interactions grow weaker and the hydrophobic interactions of the isopropyl groups dominate and collapse the polymer structure. 29 A cross-linked network the PNIPAm network will swell in the presence of water below the LCST. The swelling ratio is determined by the cross-link density of the PNIPAm network. Above the LCST, water is expelled from the hydrogel and the hydrogel collapses. 30 Free-standing cross-linked PNIPAm hydrogels have been extensively investigated and a wide variety of shapes have been shown in previous studies. 14, [30] [31] [32] [33] Studies have also been conducted into surface-attached PNIPAm hydrogels investigating constrained swelling of PNIPAm hydrogels. 8, 10, 29, 34, 35 Few studies created cross-link density differences in the surfaceattached films getting a surface structured hydrogel that is temperature responsive. However these hydrogel films are synthesized by polymerizing and cross-linking monomers by radical polymerization, which is sensitive to oxygen inhibition and are fabricated using in glass cells. 7, 9, 11, 12 This limits these methods for coating larger surfaces and more complex surfaces then a flat glass substrate. In this study we show a new method to create switchable surface structured hydrogel coatings. The polymer coating is made from a terpolymer based on PNIPAm that contains a co-monomer that acts as a photo-cross-linker: benzophenone acryl amide (BPAm). The polymer coatings are coated on a single substrate via industrial coating techniques i.e. slit die coating. The polymer is cross-linked in air, eliminating the need for an inert atmosphere. 32 By using multiple UV illumination steps we show that the swelling ratio can be locally varied, resulting in surface structures on the hydrogel at temperatures below the LCST. When the temperature of the water is increased above the LCST the hydrogel expels water and collapses to a flat state.
Materials and methods

Synthesis of benzophenone acrylamide
Benzophenone acryl amide (BPAm) was synthesized according to the method of Kim et al. 30 
Synthesis of terpolymer
For our experiments, three different monomers were used: NIPAm, BPAm and acrylic acid (AAc). Each monomer has a different function for the polymer: NIPAm is temperature responsive, BPAm is a photo-cross-linker and AAc increases the hydrophilicity of the polymer. The resulting terpolymer is poly(NIPAM-co-BPAm-co-AAc) (PNBA).
The synthesis is done for the following mol ratios of the monomers: 92.3 mol% NIPAm, 1.9 mol% BPAm and 5.8 mol% AAc. In a round bottom flask 4.0 g NIPAm, 161 mg AAc, 183 mg BPAm and 11.8 mg of azobisisobutyronitrile (AIBN) initiator were dissolved in 40 mL 1,4-dioxane. After three cycles of freeze-pump-thaw and nitrogen purge the solution was heated to 80 1C in an oil bath overnight. The 1,4-dioxane solution was precipitated in cold diethyl ether and filtered with a büchner funnel. The remaining solvent was evaporated under reduced pressure to give a white solid. The terpolymer was subsequently dried in a vacuum oven overnight at 65 1C. 
Substrate preparation
Glass substrates were cleaned by sonication (acetone, 15 min), and subsequently treated in an UV-ozone oven (Ultra Violet Products, PR-100, 20 min). The surface of the glass substrates were modified by spin coating a solution of 3-(trimethoxysilyl)-propyl acrylate (1% v/v in a water/isopropanol mixture, 1 : 1) onto the activated glass substrate for 30 sec at 3000 rpm. After curing for 10 min at 110 1C, the substrates were ready for use.
Sample preparation
The terpolymer was dissolved in a 1 : 2 ratio in ethanol and coated onto the prepared glass substrates with a RK K control coater (slit size: 200 mm). The PNBA film was then dried for 10 min at 100 1C. The terpolymer film was subsequently photocross-linked using UV light (Omnicure S2000, UVA range: 320-390 nm) at an intensity of 25 mW cm À2 until a total energy dose of 1, 2.5, 5, 10, 25, 50 or 100 J cm À2 was achieved. For the line patterns two subsequent illumination steps were used. First the film was illuminated with a mask until the desired cross-link density difference between the areas was achieved. Then the mask was removed and the entire PNBA film is illuminated to cross-link the whole film to the desired cross-link densities.
For the ratchet-like surface structures PNBA film was mask illuminated with an energy dose of 25 J cm À2 and subsequently the entire film was illuminated with a small energy dose of 2.5 J cm À2 to cross-link non-illuminated areas. Subsequent to the illumination procedure the PNBA films are swollen in demineralized water at room temperature (23 1C) . For a more complex surface topography a three step illumination procedure was done. A line mask with a pitch of 150 mm is used in both of the mask illumination steps. In the first step the PNBA film is illuminated with an energy dose of 2.5 J cm
À2
, then the mask is turned 90 degrees and in the second step the PNBA film is illuminated with an energy dose of 5 J cm
. For the last step the mask is removed and the whole PNBA film is illuminated with a final energy dose of 2.5 J cm
. This will results in four different areas with 2.5, 5, 7.5 and 10 J cm À2 .
Sample characterization
The absorption spectra were measured with UV spectrophotometer (Shimadzu, UV-3102 PC). The thickness of surface-attached PNBA films were measured with a confocal microscope Sensofar Plm 2300 in combination with an 20Â immersion objective (Nikon, CFI Fluor 20XW). The immersion objective allows for measurements in an aqueous environment. To increase the reflectance of the hydrogel surface a very thin gold layer (15 nm) is sputter coated (Emitech K550, 25 mA, 2 minutes) on the PNBA film. The PNBA films were first measured in the dry state and subsequently a water droplet is put on the entire PNBA film The temperature cycles were repeated for several cycles, with a minimum of three cycles. Because the total amount of swelling is dependent on the thickness of the PNBA film the thickness measurements of the wet films are normalized to a swelling ratio, defined thickness of hydrogel film in water (swollen thickness) to that in air (dry thickness).
Results and discussion
In this study hydrogel coatings were created based on a PNIPAm terpolymer. The advantage of using a polymer is that the application of the coating can be done at ambient conditions by a variety of techniques e.g.; slit die coating or spray coating. This would not be possible when hydrogels are made from monomers. The combination of the volatility of the monomers and the need for an inert atmosphere due to the radical polymerization, makes this not suitable for single substrate fabrication. 7, [9] [10] [11] [12] The terpolymer is poly(NIPAM-co-BPAm-co-AAc) (PNBA) and consists of NIPAm, BPAm and acrylic acid (AAc). NIPAm gives the terpolymer its temperature responsive properties, BPAm is a photo-cross-linker and AAc increases the hydrophilicity of the terpolymer.
30,33
The BPAm is a photo-cross-linker that cross-links polymer chains upon UV illumination. UV light (B250-365 nm) triggers an n-p* transition in BPAm that results in a diradical species. The diradical species abstracts a hydrogen from a neighbouring aliphatic group creating a stable C-C bond. 29, [34] [35] [36] The absorption spectra of homogeneously illuminated PNBA films with different energy doses of UV light are shown in Fig. 2A . In the absorption spectra, it can be seen that the BPAm peak at 300 nm decreases with increasing energy dose, indicating that BPAm is being converted and that the PNBA is cross-linked. The arising peak at 250 nm is contributed to the less conjugated reaction product of BPAm after recombination.
32
The temperature-induced phase transition of a swollen to a non-swollen state of the surface-attached PNBA hydrogels was investigated by measuring the thickness of the hydrogel films at various temperatures between room temperature (23 1C) and 50 1C. The thickness of the hydrogel coating is measured using in situ confocal microscopy in conjunction with an immersion objective. This enables one to characterize the thickness of the hydrogel films locally on a micrometre scale, which is not possible with other techniques like e.g. ellipsometry or neutron reflectometry. 8, 10 The swelling ratio is defined as the thickness of the hydrogel film in water (swollen thickness) to that in air (dry thickness). The swelling of the hydrogels was determined by measuring the thickness of the hydrogel film with confocal microscopy for different energy doses and/or temperatures.
In Fig. 3A , the swelling ratio of a hydrogel film that was homogenously cross-linked, with an energy dose of 2.5 J cm À2 , is plotted as a function of temperature. It can be seen that the swelling ratio is dependent on the temperature. Upon increasing the temperature, the hydrogen bonding interactions become weaker and the hydrophobic interactions of the isopropyl groups dominate and collapse the polymer structure decreasing the swelling ratio. 29 At high temperatures far above the LCST, a swelling ratio of 1.1 is found. It appears that the water is not entirely excluded from the collapsed PNBA hydrogel, which is in agreement with previous studies. 8, 10, 37 For further experiments we continue with 23 1C and 50 1C only, since this results in the biggest difference in swelling ratio. Previously, studies have shown that there a direct relationship exists between the cross-link density and the swelling ratio of a hydrogel. 29, 30, 35 In Fig. 3B the swelling ratios of different homogenously cross-linked PNBA hydrogels are plotted against the energy dose. It is shown that the swelling ratio is dependent on the energy dose. In fact, a direct relationship is observed with the UV absorption of PNBA films. Which confirms that an increase in conversion of BPAm results in a higher cross-link density, which in turn results in a lower swelling ratio for the PNBA network.
In Fig. 3B the swelling ratio is also shown above the LCST (50 1C). It can be seen that the swelling ratio above the LCST is not dependent on the energy dose. This indicates that the collapse of the PNBA hydrogel network is not affected by the cross-link density. 29, 34, 37 An example of the swelling and collapse of a hydrogel film cross-linked with 2.5 J cm À2 is shown in Fig. 4A . In Fig. 4B , it is shown that the swelling and collapse of the hydrogel coating is reversible over several temperature cycles. From the homogenously cross-linked hydrogels it can be concluded that the swelling ratio is dependent on energy dose at 23 1C. However the swelling ratio is independent of the energy dose at 50 1C. The combination of these properties is used to create a switchable surface structure. For example two adjacent areas could be illuminated with 2.5 J cm À2 and 50 J cm À2 , respectively. When swollen in water at 23 1C the area with low cross-link density swells to a swelling ratio of 2.5, while the area with high cross-link density swells to a swelling ratio of 1.8. This will result in a height difference between two areas. According to the swelling ratios found for homogenously cross-linked films (Fig. 3B) , both areas will collapse upon heating to a swelling ratio of 1.1, resulting in a flat surface. This shows it is possible to create a hydrogel surface that is switchable between a flat and a structured state. To create such a switchable surface structure a two-step illumination is used to locally create different swelling ratios. In the first step the PNBA film is illuminated through a mask until the desired cross-link density difference is achieved. Fig. 4 The swelling ratios are measured in situ with a confocal microscope for a homogenously cross-linked (2.5 J cm À2 ) PNBA film, with an initial thickness of 8 mm, at different temperatures. In (A) the PNBA film is shown prior to swelling (black), after swelling in 23 1C water (blue) and in 50 1C water (red). (B) The hydrogel can be switched between the two different swelling ratios over several temperature cycles. Fig. 3 (A) The swelling ratio of a homogenously cross-linked PNBA film is shown as a function of the temperature. (B) It is shown that the swelling ratio at 23 1C is dependent on the energy dose. Note that swelling ratio of the hydrogels at 50 1C is independent on the energy dose.
Subsequently the entire PNBA film is illuminated until the overall cross-link densities are obtained. The illumination procedure is schematically shown in Fig. 5 .
Two areas are illuminated with a high energy dose (low swelling ratio) of 50 J cm À2 and to a low energy dose (high swelling ratio) of 2.5 J cm
À2
. In the two-step illumination procedure a line mask with a pitch of 150 mm was used.
In Fig. 6A there are two areas with different swelling ratios upon swelling in water at 23 1C. And, as with homogenously cross-linked hydrogels, both areas collapse to a swelling ratio of 1.1 when heated to 50 1C resulting in a flat film. It has to be noted that in Fig. 6A the axis are not proportional therefore the surface structures may appear higher than in reality. In Fig. 6B , it is shown that this process is reversible over several temperature cycles. This shows it is possible to create a switchable surface structured hydrogel coating.
In the example in Fig. 6 the lowest energy dose (2.5 J cm
) was used to create surface structures as high as possible. It was shown in Fig. 3B the swelling ratio is dependent on the energy dose. By controlling the energy dose difference between areas the height of the surface structures can be varied. In Fig. 7 the swelling ratio difference between the two areas is shown as a function of the energy dose difference. As expected the height of the surface structure decreases when the difference in energy dose decreases.
With this tunable property in mind, one can imagine that more complex patterns are possible then a simple line pattern Fig. 5 Schematic representation of the UV illumination procedure. The PNBA film is first illuminated through a mask and subsequently the entire PNBA film illumination to create different cross-link densities throughout the film. Fig. 6 The swelling ratios are measured in situ with a confocal microscope for a patterned photo-cross-linked (2.5 and 50 J cm À2 ) PNBA film, with an initial thickness of 10 mm, at different temperatures. In (A) the PNBA film is shown prior to swelling (black), after swelling in 23 1C water (blue) and in 50 1C water (red). The PNBA hydrogel can be switched between a structured state with two distinct swelling ratio areas at 23 1C and a flat state were the whole PNBA film collapses to one swelling ratio at 50 1C. In (B) it is shown that this switching behaviour is stable over several temperature cycles. as shown in Fig. 6 . To show this illumination process is not limited to a simple line pattern two examples of more complex surface structures are shown in Fig. 8 . The first example uses a grayscale mask with a pitch of 50 mm and linearly varies over the length of the pitch from 100% transmission to 0% transmission. Due to the variation in transparency the energy dose will vary over the length of the mask pitch and in turn the swelling ratio will vary over the length of the mask pitch. Therefore a ratchet-like structure is expected upon swelling of the PNBA film in water. In Fig. 8A , it can be seen that a ratchet-like surface structure was indeed obtained and this surface structure can even be switched back to a flat surface by increasing the temperature above the LCST, see Fig. 8B . The second example of a more complex surface structure is made by multiple subsequent UV mask illuminations steps. This results in four areas that have a different energy dose namely: 2.5, 5, 7.5 and 10 J cm À2 the areas are noted as 1, 2, 3 and 4, respectively. Note that the energy dose of each UV illumination step can be added together to get the final energy dose of a particular area. This would not be possible when using polymerization induced diffusion where polymerization is initiated immediately upon UV illumination. In Fig. 8C , it is shown that a square pattern in obtained when the film is submerged in water and four different heights are observed (annotated with the numbers 1 to 4). In Fig. 8D the sample is heated above the LCST and it shows that the height difference between the four areas disappears. Note that in both examples that the axis are not proportional i.e. aspect ratios of the features appear higher than in reality. This again confirms the results from the homogenously cross-linked hydrogel coatings: the swelling ratio above the LCST is independent of the energy dose. In both of the examples the surface structures could be switched 'on' and 'off' multiple times.
The complex surface structures in hydrogel coatings shows the versatility of the photo-cross-linking method described here. More common techniques, like polymerization induced diffusion, are limited to one mask UV illumination step limiting the complexity of the surface structures in the hydrogel coating. This tunability combined with the ease of application of the photocross-linkable polymer makes it a very versatile method for making surface structures in hydrogel coatings.
Conclusions
We have described a novel method for preparation of switchable surface structures in hydrogel coatings. The creation of the surface structures relies on the non-uniform swelling in temperature responsive PNIPAm hydrogel coatings. The system is based on selective photo-cross-linking between polymer chains. The advantage of using a polymer is that the application of the coating can be done at ambient conditions by an industrial coating techniques like: slit die coating. This gives the freedom of coating on a single substrate without the need for glass moulds or other methods to contain monomers. The polymer is made from NIPAm, a photo-cross-linker: benzophenone acrylamide (BPAm) and acrylic acid (AAc).
It is shown that the PNBA terpolymer can create a cross-links by UV illumination. The amount of cross-links can be controlled with the energy dose of the UV illumination. This in turn results in a control over the swelling ratio as the conversion of BPAm is directly related to the amount of cross-linking in the polymer network. Simple and complex surface structures were created using, respectively, single or multiple UV illumination steps through masks resulting in surface structures on the hydrogel coatings and it was shown that the hydrogel coatings can be reversibly switched from a structured state to a flat state with temperature.
